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TECHNICAL NOTE
Measurement of Na and K in nanoliter droplets by ion-
specific microelectrodes
JAMES S. KAUFMAN, THOMAS P. COSTELLO, and ROBERT J. HAMBURGER
Renal Section, Boston V.A. Medical Center, 150 S. Huntington Ave., Boston, Massachusetts, USA
The measurement of electrolyte concentration in nanoliter
quantities of fluid is a fundamental step in the utilization of
micropuncture and isolated tubule microperfusion techniques
for studying ion transport. A number of methodologies have
been developed for these analyses, including helium glow
photometry [1], electron probe microanalysis [21, and atomic
absorption spectrophotometry [3]. Because of the significant
cost of the equipment for performing atomic absorption spec-
trophotometry or electron probe microanalysis, and the lack of
commercial availability of helium glow photometers, we de-
cided to utilize ion-specific electrodes for the measurement of
sodium and potassium in samples from isolated tubule micro-
perfusion experiments. The application of ion-specific micro-
electrodes to the measurement of intracellular ion activity and
macroanalysis is well established [4], but the technique has not
been widely applied to the analysis of electrolyte concentration
in nanoliter droplets, although Garvin has recently developed a
flow-through ion-selective electrode apparatus for measure-
ment of potassium concentrations [5]. Since aqueous droplets
must be analyzed under oil to prevent evaporation, one problem
we had to overcome was the deterioration in the sensitivity of
liquid ion exchanger microelectrodes on contact with oil. Other
investigators have utilized ion-selective microelectrodes to
study intracellular ion activities or ion activities in tubular fluid
in situ, circumstances in which the tissue is bathed in an
aqueous electrolyte solution rather than mineral oil [6—8]. In the
case where measurements have been made in aqueous droplets
under oil, an ion-selective glass rather than a liquid ion ex-
changer microelectrode was used [9]. With liquid ion exchang-
ers, we found that the sensitivity of the electrode decreased
markedly on contact with mineral oil, probably due to the
lipophilicity of the ionophore. Although it is possible to utilize
very small tips and holders with sidearms to express contam-
inated ionophore (S. Agulian, personal communication), we
found this technique cumbersome and have adapted the meth-
ods described by Vogel et a! [10], which utilizes a desilanization
step to allow a droplet of aqueous solution to protect the
ionophore from oil contamination. We have applied electrodes
constructed using this technique to the measurement of elec-
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trolyte concentrations in aqueous nanoliter droplets under oil.
The equipment for this analysis is relatively inexpensive, avail-
able in many microperfusion laboratories, and can be applied to
a variety of ions, and therefore the technique may be valuable
to a wide spectrum of investigators.
Methods
To construct the ion specific electrodes, pipet blanks are
pulled using 0.75 to 1 mm Pyrex glass capillary tubing (Indus-
trial Science Associates, Inc., Flushing, New York, USA) to 1
to 3 m tip size using a vertical pipet puller (Model 730, David
Kopf Instruments, Tujunga, California, USA). The tips are then
beveled to 2 to 5 m on a grinding stone (Klaus Effenberger,
Munich, FRG). Although we have also utilized unbeveled tips,
beveling improves the electrode response and makes desilaniza-
tion easier. The pipet is siliconized by aspirating bis-(dimethyl-
amino)-dimethylsilan (Catalog #14755, Fluka Chemical Corp.,
Ronkonkoma, New York, USA), 7% in chloroform, into the
tips, enough to coat the area to be filled with ion-exchanger.
The silane is expelled and the pipets placed in an oven at 100°C
for one hour in a vertical rack manufactured from a drilled
aluminum block. The electrodes are back-filled with either 0.5
mM KCI for K-sensitive or 0.5 mM NaC1 for Na-sensitive
electrodes using 31 gauge hypodermic tubing glued to a 21
gauge blunt needle. The next several steps are done under a
binocular microscope at lOOx. A drop of the liquid ion ex-
changer is placed in a glass hematocrit tube attached to the
movable stage of the microscope by Plasticene (Colorforms,
Norwood, New Jersey, USA). The pipet is held horizontally
using a Leitz pipet holder (E. Leitz, Inc., Rockleigh, New
Jersey, USA) and a micromanipulator (Model RP-V, Brink-
mann Instruments, Inc., Westbury, New Jersey, USA). The
pipet holder is attached via silicone tubing to a syringe. The
pipet is examined to ensure that there are no air bubbles present
and then is advanced into the glass hematocrit tube and a 200 to
500 m length of liquid ion exchanger aspirated into the tip. If
the tip is adequately siliconized the ionophore will assume a
meniscus that is concave to the back of the pipet. For the
potassium-selective electrodes we have utilized the liquid ion
exchanger from World Precision Instruments, Inc. (Catalog #
IE 190) and for the sodium-selective electrode ETH 157 from
Fluka Chemical Corp. (Cat. #71178). The tip of the pipet is next
desilanized with potassium hydroxide (KOH) to allow a water
droplet to protect the liquid ion exchanger during measure-
ments under mineral oil. A drop of 10 M KOH and a drop of
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distilled water are placed on a glass slide on the microscope
stage. The tip of the pipet is touched to the KOH drop and the
KOH is allowed to enter to a distance of about 10 to 20 m from
the tip. Occasionally gentle suction is necessary to aspirate the
KOH. The KOH is allowed to remain in the tip for one minute,
with gentle pressure applied to the pipet to restrict the area of
desilanization. The KOH is expelled, the pipet is raised, the
water droplet positioned in the field, and the pipet is lowered
into the water. The electrode is usable if water enters the pipet
only as far as the KOH has been. The water droplet is expelled
several times to completely rinse out the KOH. A small amount
of the ionophore may also need to be expelled. The pipets are
stored tip down in distilled water. The reference electrodes are
made daily from 1 mm glass capillaries with an internal fiber
(Cat. # 1B100F-6, World Precision Instruments, Inc.). They are
pulled on a vertical puller to a submicron tip and back-filled
with 3 M NaCI.
To analyze the samples, the electrodes are placed in holders
filled with the same solution as the electrode. We have utilized
electrode holders with a side-arm (Cat. # MEH25FW, World
Precision Instruments, Inc.) since they seem to minimize ex-
pulsion of the ionophore. The electrodes are attached to a high
impedance electrometer (Model Duo 773, World Precision
Instruments, Inc.) and mounted on the instrument holders of
Leitz micromanipulators. To determine the tip potential and to
ensure that the reference electrode is unaffected by the ionic
strength of the solution, its potential is checked against a blunt
tip, free-flowing 3 M NaCl electrode in 0.1 M and 0.01 M KCI
bulk solutions. The difference in potential should be <5 mY and
the resistance of the reference electrode should be 0.5 to 5 Mfl.
The samples from the experiment are collected in siliconized
micropipettes pulled from 1 mm outer diameter glass tubing
(Industrial Science Associates, Inc., Flushing, New York,
USA) and with broken tips about 10 to 20 zm diameter. A single
pipet is used for each sample and the sample is bracketed by
100% CO2. and water-equilibrated mineral oil. These samples
may be stored for several months at —60°C without a change in
electrolyte concentration [11]. At the time of analysis, the
samples are thawed and deposited under water equilibrated
mineral oil on the bottom of the sample dish (a scored,
siliconized Petri dish). Using a micropipettor a small drop of
each standard (K = 5, 10, 15 and 20 and Na = 110, 130, 150 and
170 mM) and a drop of mock perfusate are placed on the bottom
of the dish. The standards are made in solutions of similar
composition to the perfusates in our experiments without
glucose or amino acids, but containing bicarbonate, phosphate,
calcium, magnesium, and chloride. During analysis the samples
are viewed through a stereomicroscope at 40x. The dish is
placed in the field and illuminated from above using a fiber optic
illuminator. The dish, microscope, and fiber optic pipe, are
housed inside a Faraday cage made from aluminum screening.
We have found however, that adequate shielding for the sodium
and potassium electrodes can be provided by a "tent" made
from a single sheet of heavy-duty aluminum foil (Reynolds 672
Foil, Reynolds Metal Co., Richmond, Virginia, USA). Cur-
rently we use wire screening around all but the front, which we
shield during voltage measurements with aluminum foil
mounted on a sheet of cardboard. This arrangement facilitates
access to the samples and minimizes interference.
The next step is critical to protect the ionophore. A drop of
water is floated on top of the oil in an area away from the
samples. The water droplet is held above the oil by surface
tension. The ion-specific electrode is first placed in this drop of
water. A small droplet of water will enter the previous desi-
lanized portion of the pipet and prevent contamination of the
liquid-ion exchanger by oil. The volume of this droplet is
calculated to be 80 to 200 p1, based on the usual geometry of the
electrodes, and does not affect subsequent measurements of our
samples which usually have a volume of 10 to 20 nI. The pipet
is then lowered through the oil and placed in a standard drop.
The reference electrode is placed in the same standard drop.
The ion-specific electrode can be moved from sample to sample
in the oil, with residual droplets from the prior sample prevent-
ing contamination of the ion-exchanger. The ion-specific elec-
trode is first tested in standard solutions to characterize its
response. The procedure is repeated until all droplets have been
measured. Groups of 12 samples are bracketed by measure-
ments of the appropriate standards to check for electrode drift.
Results
For each experiment we determine electrolyte concentrations
on six droplets of perfusate. These samples are collected in
pipets and stored in the same manner as our collectate samples.
Since these perfusate samples are obtained from the same bulk
solution, they have the same electrolyte concentration and
allow us to determine the intra-assay coefficient of variation. In
16 studies, the coefficient of variation for determination of
potassium concentration was 9.9 2.3% and for sodium it was
7.8 1.4%. To determine the precision of the assay, we
measured the electrolyte concentration on a mock perfusate for
which the concentration of potassium and sodium was deter-
mined by flame photometry. For potassium the perfusate con-
centration as determined by flame photometry was 5.43 mrvi,
and that determined by ion-specific microelectrodes was 5.45
0.08 m'vi (N = 16), with an inter-assay coefficient of variation of
6.2%. For sodium the perfusate concentration determined by
flame photometry was 139.9 m, and that determined by
ion-specific microelectrodes was 137.5 3.4 mrvi (N = 16), with
an inter-assay coefficient of variation of 10.1%. The time to
achieve stable reading for the potassium microelectrode was
generally <30 seconds while that for the sodium electrode was
<60 seconds.
We have examined the effects of measurement under oil on
the electrode response. Table 1 summarizes the electrode
slopes and correlation coefficient for the linear regression
equation defining the electrode response for our standards, for
the same electrodes determined at three different time periods
in a sample analysis, before sample measurements, after mea-
surement of 12 samples and after measurement of 24 samples.
No differences were noted in the slopes during use.
Selectivity coefficients were calculated from the Nicoisky-
Eisenman equation using the separate solution method [4]. The
selectivity coefficient (K) is a measure of the preference by the
sensor for the interfering ion j relative to the ion i to be
detected. In the separate solution method, the EMF values
obtained for the measuring ion and the interfering ion are both
determined in pure single electrolyte solutions, in our case a
chloride salt at a concentration of 0.1 M. The results are
summarized in Table 2. We have found a significant interfer-
ence of calcium with our initial choice of sodium ionophore
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Table 1. Effect of repeated measurements under
response
oil on electrode
Slope R
K electrode (N =
O samples
12 samples
24 samples
16)
50.274 0.480
49.706 0.358
49.986 0.461
0.997 0.001
0.997 0.001
0.996 0.001
Na electrode (N =
0 samples
12 samples
24 samples
16)
58.842 1.305
59.651 1.273
58.838 1.560
0.998 0.00!
0.998 0.001
0.998 0.001
Zero, 12, and 24 samples represent values for standard curves
obtained at the beginning of the analysis and after the analysis of 12 and
24 experimental samples. Slopes are expressed as mV change per
decade change of K or Na concentration. R is the linear regression
coefficient.
Table 2. Selectivit
as deter
y coefficients for the ion selective microelectrodes
mined by the separate solution method
Cation K selectivity Na selectivity
Calcium
Magnesium
Sodium
Potassium
Ammonium
Lithium
Cobalt
Lanthanum
—1.5 —0.9
—1.7 —2.2
—1.7 NA
NA —0.4
—0.5 —0.8
—2.2 —1.6
—1.8 —2.4
—1.3 —2.2
Values represent the log of the selectivity coefficient determined by
the separate solution method at a cation concentration of 100 mM [4].
The interfering cation is designated in the left-hand column and is
compared with either potassium, using the potassium sensitive elec-
trode (middle column) or sodium, using the sodium selective electrode
(right-hand column).
(ETH 227). The log KNaCa was +0.6. Because the calcium in
our samples varied between 0 and 1.8 m, this variation would
have a substantial effect on the sodium electrode response.
Another sodium ionophore (ETH 157) is available with a much
higher log KNaCa, —0.9, but a slightly lower log KNaK, 0.4
versus —1.7. Since we measured K concentrations in our
samples, we were able to correct the measured Na voltages for
potassium interference, using the selectivity coefficient and
measured potassium concentration [4]. The selectivity of the
potassium ionophore was high for sodium and calcium, and we
therefore did not correct for these ions. Table 3 summarizes the
effects of various anions on the concentrations of sodium or
potassium by the microelectrodes. The electrodes were cali-
brated in standards of pure chloride salts and the concentrations
of the salts of other anions were calculated from the chloride
salt calibration curves. Actual concentrations of the cations
were determined by flame photometry. Anion composition did
not affect the electrode response and could further be corrected
by using standards of appropriate composition.
Discussion
Electron probe microanalysis, atomic absorption spectropho-
tometry, and helium glow photometry have received the widest
application for the measurement of picomolar quantities of
cations [1—3, 12]. These techniques require expensive equip-
Table 3. Ratio of measurement of cation concentration by ion-
specific electrode to that by flame spectrophotometry
Anion K salt Na salt
Acetate 1.04 1.03
Bicarbonate 1.06 1.00
Phosphate 1.00 0.98
Sulfate 1.02 1.02
Gluconate 0.98 1.05
Nitrate 1.08 1.05
Values represent the ratio of cation concentrations calculated using
ion-specific electrodes calibrated in chloride salts to concentrations
determined by flame photometry. Values are the means of four deter-
minations.
ment or, in the case of helium glow photometry, equipment that
is no longer commercially available. Furthermore, since they all
measure absolute amounts of the ion, they require knowledge of
sample volumes and sample dilution, which necessitates con-
siderable sample handling. Ion-specific electrodes have been
used primarily to measure intracellular ion concentrations, but
have also been utilized to measure ion concentration in situ
[6—9]. They have not been extensively utilized to measure ion
concentration in nanoliter droplets, possibly because these
measurements must be made under oil, and contact with oil
causes significant deterioration in the electrode response. We
have adopted the technique of Vogel et a! [10] to develop
ion-specific electrodes suitable for measurement of sodium and
potassium in droplets under oil. The critical steps in the use of
this electrode are desilanization of the tip and placement of the
electrode in the oil-filled sample dish through a drop of water
floated on the surface. These steps prevent contact of the
ionophore with oil. Without these steps we were unable to
prevent deterioration of the electrode response, either immedi-
ately on immersion in oil or after only several sample measure-
ments. Utilizing the techniques described in this paper, a single
electrode has been used on a daily basis for up to four weeks
without a deterioration in its responsiveness.
Use of ion-specific electrodes provides several advantages to
the techniques previously mentioned. The equipment necessary
for electrode construction and use is relatively inexpensive and
often available in a renal micropuncture or microperfusion
laboratory. The technique does not require sample dilution, can
be performed on sample droplets of about one ni, and does not
consume the sample, so multiple measurements can be per-
formed. We in fact measure sodium and potassium concentra-
tions on the same sample droplets. An analysis of sodium and
potassium in 24 samples plus standards, including pipeting time,
takes approximately 150 minutes. A variety of other ionophores
besides those for sodium and potassium are commercially
available, including calcium, magnesium, lithium, ammonium,
hydrogen, chloride, and bicarbonate (World Precision Instru-
ments, Inc. and Fluka Chemical Corp.) and have potential
application in renal physiology. The sensitivity and reproduc-
ibility of measurements made using ion-specific electrodes is
similar to that reported for other techniques [2, 12, 13]. We can
easily detect a voltage change of 1 mV which corresponds to a
concentration change of 3 to 6 m for sodium and 0.2 to 0.5 mM
for potassium in the range of values for our samples. We believe
that the small expense, ease of use, sensitivity, accuracy, and
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reproducibility of this technique for the measurement of sodium
and potassium in nanoliter droplets compares favorably with
previously used techniques.
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